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SMALL-BREAKLOCA RECOVERY IN B6W PLANTS

R. J. Henninger, J. R. Ireland, ●nd N. S. DeMuth

Energy Ktivision
Los Memos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

A break of approximately().0012mz in the cold leg of a B&
plant results in an ir,tcrruptionof natural circulation when stea
●ccumulates in the hot-leg U-hand. A small-break loss-of-coolan
●ccident of this size was simulated by TRAC-PF1 to evaluat
●tra:egiea for recovery ●nd for re-eotablinhing natura
circulation. In the ●bsence of operator ●ction, core coolin
occurs when water supplied by the high-pressure-injection syste
boils, then is discharged through the b?eak. Raising the steam
generator secondary level, venting steam from the steam-generato
secondary, venting steam from the hot-leg U-bend, “bumping” th
reactor-coolantpumps, and injecting a portion of the high
pressure-injectionsystem into the hot-leg U-bend ●ided in coolin
and depressuritiingthe primary system but were ineffective in re
●atabliahing natural-circulation flows in the primary-coolan
loops●

INTRODUCTION

Analyne# of leas-of-coolant tranaienta for small cold-le
breaks in Babcock ●nd Wilcox (B6W) plants indicate that natura
circulation in the primary 100PO may be interrupted by steam tha
accumulates in the “caridycanes” (hot-leg U-bends). A ●mall-brea
loos-of-coolant ●ccidmt (LO(X) waa calculated with TRAC-PF
(Ref. 1) to inve~tigate the conditions for interruptionof natura
circulation, ●nd tc evaiuate atrategiea for recovery ●nd for ra
eatablfohlng natural r.irculation. A small break (0.00121 mz
0.0i3 ft2) waa ●aoumod to occur in one of the cold-leg pips
betwaeti the high-pressure injection myctem (HPIS) inlet ●nd th
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This bremk size was selected to provide condition fo
loss of natural circulation while the primary pressure remaine
relatively high. The calculation used -besL-estiBAta-
aasumptions for the ●quipment performance ●nd operator ●ctiona,
●xcept in the cane of the EPIS, which was assumed to deliver
approximately 70% of fitsrated capacity.

The response of

1

the plant following ● @mall-break LCZA was
cimulated to ●valuate the ●ffectiveneam of the following opgrator
actionm In restoring natural-circulationcooling: (1) cooling ●nd

depreeaurizing by venting steam from the steam-generator
wecondariea, (2) ‘bumping- the ●ain-coolant WP8. (3) V@ntiw
steam from the upoer ●levacione of the hot legs (candy canes), ●nd
(4) injecting ● portion of the flow from the HPIS into the canal
canes.

TRAC SIMULATIONS

ITIUC Model
1

The break size for thie study wae selected t~ providm
condition for loss of natural-circulation Cooliq while tha
primary preosure remainad relatively high. Figuro 1 showe ● ~C
noding diagram for the B.W lowered-loopmodel based on the Omnee
plant. Loop A repre~enta the loop with the cold-leg ~reak ●nd
includee the hot lee with the pressurizer (component 22 in the
figure), the -team generator, ●nd two cold leg-—one intact and
one with the break. Each loop-A cold leg includes ● loop B-.1, ●

pump, and ● connection for the HPIS. The reactor coolant pumps
were modeled using the Loa~-of-Fl,lidTent Facility (LO~) ~mp
characteriatico built into TRAC, but scaled with Oconae-pump data.
The break 10 located in one cold lag between the RPIS connection
●nd the venael. Loop B repreoente the unbroken loop and I@
similar to loop A except that there la no break or prascurizer ●nd
the tWo cold lege ●re coubined to increase calculatioual
●fficiency. The flow out the break was com~ted uzing f.ha
critical-flow model in TRAC-PF1.

The secondary side of ●ach stoaw gannrator is ●ttachad to tha
❑ain-feedwaterinlet, to the auxillar>-leedvatorinlet, and to tha
❑ain steam line, which has ● connection representing relief valves
thut vent to the ●tmosphere. (’kom~.ry a~]dother plant data wara
obtained from the Final Safety Analysis kaport2 (FShR) and other
data ●ourcss for tha Oconee-l plaint. Tha modal.for tha ●uxiliary-
f~edvater (MU) system ●llowm flow to ●nter near tho rop of the

steam generators, ●nd the flow of ●uxiliary fcedwetar it
controlled baoed on the water level in the soccadariea.

Q
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Fig. 1. TMC Noding of ● B&W RJR.

The votas? was modeled with L ●zimuthal aegmentm, 2 radial
~egmants, ●nd 10 lcvelc. The 10 levelllinclude ● lower plenum, 4
?ctive core levels, 4 Ievelc in the upjwr pIenm to permit more
retire tracking of the liquid level and for correct vant-valve
levation, and an upper head. The ❑odel Includor conneccionc from
:he upper head to ●ach hot leg to simulate the upper-head
circulation obaervad by BhW in their flow teatc. Thaaa
connections ●ra nmedmd bacauae TRAC, with only a single radial
ring in the upp~r pl~num, modelo poorly I:heflow out of the core,
:hrough the ccntar of the uppar planun, into the upper haads ●nd
>ack into the upper planum. “ant val,\’aO●nd connections for
~ccumuictor inj8ction into the dovncomel’●re ❑odeled in laval 9 of
:he vasoel.

P

I
The plant raoponoe following ● omall-break LOCA was simulat~d

ith TRAC to mbout 7000 c to ●ctsblish the condition for 10SO of
●tural-circulationflow ●nd to invaotiga:e the ●ffoctivenaoa of
margmcy sy~tomo in nooling the cor(t. During chin tima, the
uxiliary foedwatcr wan throttled to ●ain!:ainthe watar level III
he -acondary oido of the steam genaratorll●t 50% of tha oparating
anga. ThQ ●vant ●aquonc- for this transf.antIS giv~n in Tabla 1,
nd tho primary praosuro in Fig. 2. TTMIcalculation ●howd that

@
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he core remained covered ●nd cooled. Figure 3 shows that the
aximum average core temperature essentially follows the
nturation temperature corresponding to the Oyatem pressure
ecauee the core is in the nucleate-boiling heat-trmafer regime.
he analyaia ●hewed that the core would be cooled (aft-r loss of
atural-circu:ution flow in the primary 100pa) by mIS water
njected into the cold legs, boiling of the water when it ruchea
he core, and discharging two-phase (steam/water) mixtures through

he vent valves ●nd out the break.

ecovery Strategies - Operator Initiated

The small-break LOCA calculation described in the previoun
●ction was remtarted ●t 2000 s to simulate various ope?ator
ctione to test their ●ffectiveneen in ●nhancing core cooling ●nd
n recover~.ng natural-circulationflow. The first ●ction was ta
ncrease the oteam-generatorsecondary water level from 50 to 951
f the normal operating range to create a condensing ●urface on
he steam-generator primary ●ide. That process required

Tuble 1. Small-Break LOCA Event Sequence for the Base Caae

Xx@.z

0.0

42.1

56.0

72.1

91.0

106.0

670.0

760.0

940.0

!50.0

Action——

Small cold-leg break
(0.00121m2,0.013 ft2)

P~imary pressure
●t 13.1 MPa (1900 psia)

Primary preaoura
ct 11.14 HPa (1615 psia)

AFU ~tarto

hPIS begins delivering

RQactor-c~olant pumps trip

Loop-A candy cane
fills with otoam

L~op-B candy cane
fills with steam

Accumulator injection baginm

Terminata calculation

Consequence

Primary pressure
@tarts rapid decreaoe

Reactor trip
Plain-feedvaterpumpo tri~

NF’IS●ignal
generatad

Steam generatora begin
filling

Natural-circulation
flow establtshcd

Natural-circulation
flow ttopu in Loop A

Natural-circulationflow
stop- in Loop B
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proximately 550 13. The additional cold water en the secondary
Ide lowered both the secondary- and prin.ry-side pressures
ecause of condensation. This can be seen in Fig. 2, which gives
oth the base-case and operator-initiatedprimary pressures. The
owered pressure in the steam generator increased the liquid level
ithin the loop. That liquid was from three sources: water from
he vessel, increased HPIS flow as the primary pressure decreased,
nd condensation in the steam generatore. When the 95% stwn-
enrrator level was attained, the primary pressure begsa to
ncrease.

At 2700 s steam was vented from the secondary ●ide to
sntinue the cooling process. The primary-to-secondary energy
ransfer resulted in a$urther decrease In primary temperature and
ressure. This can be seen in Figs. 2 and 3, which gfve the
rimary pressures and the maximum fuel-rod temper.stures,
espectively. At 3006 s the primary pressure was reduced to the
ccumulator injection pressure. Water from the accumulator
educed the system pressure and temperature 6s steam condensed
ear the Injection point at the top of the vessel downcomer. The
ater level in the loops did not increase significantly, however.
n particular, the top of the hot-leg candy cane remained voided,

seen in Fig. 4.

1.2

1

0.8

0.6

0+4

0.2

0

-0.2
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1 ! I I , b 1 1 t
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---------- FILL SC(2000S), OUMP STEAM(2706S),BUMP PLM4PS(4350S)

I
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!wO 1000
f-

1s00 200CI 2W0 3000 3s00 4000 !

TIME (s)

Fig. 4. Void frcction ●t the cop of the candy cane for th~ base
case ●nd the operator-initiated cooling-and-recovery
casa.
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At 4350 s the main coolant pumps were ‘bumped” or operate
for 2 rnin to establish loop flow. Flow induced by the pump
rapidly mixed cold water in the cold leg with hotter water an
steam in the upper part of the system, resulting in a pressur
reduction. The pressure reduction, in turn, resulted in injectio
of 90% of the remaining accumulator water. The vessel inventor
increased; but the top of the candy canes remained filled wit
steam except for the time when the pumps were running. Thus
natural-circulationcooling flow could net be sustained in th
loops. By 4500 s the system pressure was reduced sufficiently t
allow the low-pressure injection system (LPIS) to operate. Thus
stable cooling using the LPU3 in a recirculation mode is possible

In Table 2 the event sequence of the operator-initiate
cooling-and-recoverycase and the baee case are compared. As ca
be seen in the table, the various operator actions increase th
rate of cooling and depressurization,but, as in the base case
natural-circulationcooling flow in the loops was not established

Table 2. Comparison of Events for the Base Case and
Operator-InitiatedCooling and Recovery

Event Time

Ba?e Case Recovery
(s) (s)

Change steam-generatorlevel 2000
control

Steam generators fill to 2550
95% level

Open secondary-dumpvalves 2706

Accumulator injection begins 4940 3006

“Bump” reactor-coolantpump8 4350

Low-pressure injection attained
- by bumping the pumps 4500
- without bumping the pumps 9800a Slooa

Re-establish natural-circulation

I coaling

●Estimated by extrapolating pressure.
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In some auxiliary calculationswith a similar model and an{

arlier verbion of TRAC-P~l (version 7.6), two additional operator
ctions were simulated. The major differences in the plmt model
ere that fewer axial levelti were used in the vessel model (7
nstead of 10) and an elevation difference wae lacking between the
eactor coolant-pump centerline and the cold-leg centerline (the
levation d iference was 1.1 m in the former model). The

I

imulated operator actions were:

1. venting steam from the upper
and

2. injecting a portion (10%) of
steam-filled candy cane8.

Taives in the hot-leg candy canes

elevations of the hot legs

the HPIS flow into the

normally are used to expel
Lr from the primary and to facilitate refilling after a refueling
~tage. Because information on the valve dimensions was not
rovided, a diameter of 1 cm (0.394 in) was assumed for the
rifice. The valves in both candy canes were opened fully 1600 s
Eter natural-circulation flows ceased and remained open
lroughout the transient. Accumulator injection produced a sharp
?crease in the vapor fraction in the upper plenum. However, the
Bpor fracttons in the upper plenum were not changed significantly
y opening the high-point vents.

The presence of valves at the top of the hot-leg candy canes
ffords the possibility of injecting cold liquid into these
?gions. To evaluete the effect of subcooled liquid introduced
nto the steam-filled candy canes, the calculations were restarted
50’ s after natural-circulationflows ceased; and 10% of the HPIS
low was injected into the candy canes of each loop, whereas the
~ld-leg injection flows were reduced to 90% of their original
elivery rates. Dividing the HPIS flow between the cold and hot
egs of each loop reduces primary pressure thereby enhancing the
ccumulator injection flows and refilling of the primary. The
ccumulatorsdischarged about 19 ms of liquid in 1000 s. only

2 ms were discharged during this time with all the HPIS flow
upplied to the cold legt~. When the transient was terminated,
Dst of the mass lost through the break had been recovered by the
~mbined injection of accumulators and HPIS; the level had not,
owever, increased to fill the candy canes. As with the other
perator actions, ttlese actions aided in cooling and
epressurizingthe primary system, but the system was not refilled
efficientlyto allow the resumption of natural-circulation flow
n the primary-coolantloops.

—.—
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While analyzing the results of the auxiliary calculations
with the earlier versions of the input and TR4C-PF1, an
interesting and possibly important phenomenon ‘alas noticed.s
Sometime after single-phase matural circulation ceased in the
primary system, the loop flows in A-?,oop began to oscillate as
shown in Fig. 5. These oscillations appeared to be fairly
regular, with a period of approximately 200 a and an amplitude of
approximately 100 kg/s. The liquid temperatures in the A.-1oop
also oscillated in conjunction with the flows. The amplitde of
the temperature oscillationswas approximately 40 K. A.sa result
of detailed analysis of the flows and pressures in the A-Loop
during the time the oscillations occurred, it became evident that
the differential head term (pgh) in tke momentum equation was
dominant. Before the oscillations began, the preferential flow
direction was from loop A2 to loop Al (loop Al flow is positive
into the ves8el; loop A2 flow Is negative away from the vessel -
refer to Figs. 1 and 5), and this flow direction corresponds to
the differential head (pgh) calculated around the loop as shown in
Fig. 6. A positive elevation head around the loop Implies the
differential head term in the loop seal of loop A2 is greater than
the differential head of loop eeal Al. Therefore, the density in
loop seal A2 ie greater than in loop seal Al because theI
elevations are the same. When the oscillations began at about
2250 S, the differential head became negative as shown in Pig. 6.!This means the density in loop seal A2 became less than in loop,
seal Al. When this occurred, the flow directions in the loop
reversed as.ahown in Fig. 5. A comparison of Fig. 6 to Fig. 5
shows that the differentialhead does indeed lead the flow; this
implies the differentialhead variations in the loop seal are what
drive the flow oscillations.

The oscillations occurred as follows. When natural
circulation stopped, the pressure gradient between the downcomer
and upper plenum reversed and the vent valves opened. Then,
relatively warm fluid (both liquid and vapor) passed from the
upper plenum to the downcomer. The upper plenum fluid temperature
was approximately550 K. The warmer upper plenum fluid began to
mix with the colder downcomer fluid, and the vessel source
temperature to loop A2 increased. After 2250 s, relatively warm
water flowed into loop A2 from the vessel. The warmer fluid in
loop A2 eventually brought the temperature in loop seal A2 to a
hi~her temperature than in loop seal Al, at approximately 2250 s.
This caused the differentialhead in loop seal A2 to be less than
the differential head in loop seal Al as shown in Fig. 6. Thus,
the flow direction changed as shown in Fig. 5. When the flow
dfrection changed, warmer liquid was drawn into the Al loop from
the vessel. Cold HPIS liquid preceding the warmer vessel liquid
into the loop seal provided a restoring (an additional component
to the density difference) force and maintained the oscillations.

@



—— .— -.. —. —--.-— ..-—-- —
200

1s0

50

0

-50

-1oo

I 1 t I 1 1 I 1 ,

— Al COLD LEG

---------- A2 COLD LEG

,..
,’ ‘, ,- ...

,’ ‘! ,’ ‘,
.-, $,!

!, ‘1‘..’ ,

2000

1500

1000

500

0

-500

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 31

TIME (S)

Fig. 5. Cold-leg flows at the pump exfts.
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When the correct pump centerline ●levation was included in
he newer model, the density differences for this particular
ransient in the loop seal were insufficient to reverse flow;
bus* the split cold-leg flow remained unidirectional (no
oscillationsoccurred following the lose of natural circulation).
‘Ithin the limitations of TRAC one-dimensional modeling, It
●mains possible that oscillationscan be produced with different
onditions In the transient such as a larger temperature (hence,
ensity) difference between the liqutd in the vessel and the
iqu$d in the cold leg.

WitMn the limitations of TIUC one-dimensionalmodeling, the
eclllaticms are real. However, these flow oscillations may not
,ccur ~n an actual plant because of multidimensional●ff-cts.
‘heseefimrx could ,11owthe cold HPIS liquid to settle to the
,Ottom :.,Lthe loop seal whereas the warmer fluid would flou
osjnte .;..(rentto the HPIS liquid ●nd settle toward the top of
h. Loop deal became of the density gradient.

:ONCLUS79NSAND HECOFt!JIENDATIONS

From our analyses of small-break I.MA behavior, we conclude
hat:

1,. For the break size analyzed {0.0012 m2), single-phase
natural-circulation flow is interrupted because of hot-
leg voiding in the candy-cane region.

2. The interruptednatural circulation could not be restored
by the formation of ● condensing surface in the steam
generators, by ventlag secondary steam, by venting steam
from the primary, by inject’ingHPIS liquid into the ca,~dy
canes, nor by “bumping” the reactor coolant pumps.

3. Adequate core cooling is maint~ined by internal
circulation through the vent valves and by decay heat
removal through the break.

We recowaend that multidimensiornl modeling of the loop seals
~eperformed to determine the accuracy of the l’RACone-.d{menslonal
Kxfel. Also, experimental invasti8aticm of the loop-oecillatio~
~henomenon should be conducted ●t ● reasonable ●cale to verify
ode predictions. Further, TRAC ●nalyses ●re proposed ta
nvest.igate tne range of break sizes for which the recovery
Strategies●re effective and to varlfy the recovery procedures
‘ecornended by l16H to restore natural circulation. The ultimate
Ioalof these ●nalyaes is to define the plant conditions necessary
‘or re-establishing ●nd ●aintaining natural.circulation during
mall-break LOCXS in B6W plants.

—
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